The purpose of this study was to evaluate the detection limit of matrix-assisted laser desorption/ ionization time-of-flight mass spectrometry (MALDI-TOF MS) for direct identification, without previous microbiological culture, of bovine mastitis-causing bacteria from milk samples. Milk samples (n = 15) were experimentally contaminated with Staphylococcus aureus, Streptococcus uberis, Streptococcus agalactiae, Streptococcus dysgalactiae, and Escherichia coli to have bacterial counts ranging from 10 3 to 10 9 cfu/mL. These contaminated milk samples were subjected to a preparation protocol for bacterial ribosomal protein extraction using the MALDI Sepsityper kit (Bruker Daltonik, Bremen, Germany), which allowed MALDI-TOF MS coupled with Biotyper software (Bruker Daltonik) to identify bacterial fingerprints based on intact ribosomal proteins. The ability of MALDI-TOF MS to correctly identify bacterial strains from experimentally contaminated milk (without previous microbiological culture) depended on the bacterial count of the samples and on the species of the bacteria evaluated. Adequate identification at the bacterial species level (score ≥2.0) directly from milk samples required bacterial counts in the following ranges: ≥10 6 cfu/mL of 
INTRODUCTION
In subclinical mastitis, the most common form of mastitis in dairy cattle (Malek dos Reis et al., 2011) , no signs of abnormality are visible in the milk or udder, but milk yield and quality are reduced (Hovinen and Pyörälä, 2011) . During episodes of subclinical mastitis, SCC increases, and concentrations of milk components (casein, milk fat, lactose, minerals, and enzymes) are altered. These alterations in milk composition are associated with decreased secretion of milk components and increased vascular permeability in the mammary gland (Pyörälä, 2003) , resulting in negative effects on milk yield and quality (Santos et al., 2003) .
Routine methods for indirectly diagnosing subclinical mastitis and assessing milk quality are based on evaluation of SCC in composite milk samples, or on detection of biochemical changes in milk. The cause of intramammary infection is identified using microbiological culture or molecular biology. The routine identification of mastitis-causing microorganisms depends mainly on phenotypic characteristics such as colony morphology, hemolytic potential, and biochemical reactions (Viguier et al., 2009) . Rapid and correct diagnosis of the causative agents of mastitis is important for the selection of specific treatment protocols and methods of control (Pankey et al., 1991) .
Methods for microorganism identification based on colony growth in bacterial culture medium or biochemical tests have remained unaltered for some time. However, over the last decade, DNA-based assays, mainly those based on PCR or 16S rRNA gene sequencing, have been evaluated for their ability to overcome some of the limitations of traditional phenotypic procedures; however, these methods are also time-consuming and laborious (Rajendhran and Gunasekaran, 2011) .
Matrix-assisted laser desorption/ionization time-offlight mass spectrometry (MALDI-TOF MS) can be used for the rapid identification of bacterial species in biological samples (Seng et al., 2009; Seng et al., 2010) and in bacterial isolates from milk samples of Non-culture-based identification of mastitis-causing bacteria by MALDI-TOF mass spectrometry cows with subclinical mastitis (Gonçalves et al., 2014; Tomazi, et al., 2014) . This method is based on the acquisition of protein (ribosomal proteins) "fingerprints" directly from intact microorganisms, because such profiles vary considerably among microorganisms. The MALDI-TOF technique has been incorporated into diagnostic routines for human and veterinary clinical microbiology, because it allows for database searching and precise identification, and it is highly reproducible (Bizzini and Greub, 2010; Seng et al., 2010) . As well, the MALDI-TOF MS methodology is faster than conventional microbiological culture and DNA techniques for identification of microorganisms in clinical samples (Fenselau and Demirev, 2001; Ilina et al., 2009) .
The MALDI-TOF MS method has been used for the rapid diagnosis of bacterial species directly from human blood samples, without previous culture, but the total bacterial count of the sample was a limiting factor for successful identification (Moussaoui et al., 2010) . It has also allowed direct identification of microorganisms in urine and cerebrospinal fluid samples Segawa et al., 2014) . However, the use of MALDI-TOF MS has not been fully explored for all pathogens or in mastitic milk (Barreiro et al., 2012) . The rapid identification of mastitis-causing pathogens may allow for disease monitoring in dairy herds, more appropriate treatment protocols based on the mastitis-causing pathogen, or the adoption of other control procedures (segregation, culling, and anticipated drying off of infected cows).
The present study aimed at determining the detection limit of MALDI-TOF MS for the direct identification (without previous microbiological culture) of mastitis-causing bacteria (Staphylococcus aureus, Streptococcus uberis, Streptococcus agalactiae, Streptococcus dysgalactiae, and Escherichia coli) from experimentally contaminated milk samples.
MATERIALS AND METHODS

In Vitro Contamination of Milk Samples
Milk was experimentally contaminated using 5 bacterial strains of the genera and species that can cause bovine mastitis, including Staph. aureus ATCC 29213, Strep. uberis DSM 20569, Strep. agalactiae ATCC 13813, Strep. dysgalactiae DSM 20662, and E. coli ATCC 25922, 3 repetitions per strain, totaling 15 samples.
All bacterial strains were incubated at 37°C under aerobic conditions for growth using a blood agar plate that contained 5% defibrinated bovine blood. After 24 h of incubation at 37°C, the colonies of each bacterial isolate were removed from the agar plates using a sterile flexible plastic loop (10-µL capacity) and carefully diluted in 2 mL of distilled water. The bacterial concentration in distilled water was estimated using the number 5 of the McFarland nephelometer scale (Nefelobac; Probac, São Paulo, Brazil). After turbidity standardization with distilled water, we obtained an estimated total bacterial count of 10 9 cfu/mL was obtained, and 7 decimal serial dilutions were performed to obtain diluted samples from each bacterial strain with estimated total bacterial counts of 10 3 to 10 9 cfu/mL (n = 105). Diluted samples were centrifuged, and the supernatant was discarded and the pellet resuspended in 2.0 mL sterile distilled water, which was then transferred to a 2.0 mL sterile microtube.
The skim milk for the bacterial decimal dilutions was prepared from powdered milk (Molico Nestle, São Paulo, Brazil), which was suspended in distilled water (1,000 mL of distilled water to 100 g of powdered milk) and autoclaved. Then, 1.0 mL of skim milk was added to each microtube containing the diluted bacterial pellet (10 3 to 10 9 cfu/mL).
MALDI-TOF MS Sample Preparation
Procedures for direct identification of bacterial isolates by MALDI-TOF MS without previous microbiology culture were based on bacteria identification in human blood samples (Moussaoui et al., 2010) . All centrifugation steps were performed at 13,000 × g for 2 min.
The milk samples with inoculated bacteria (1.0 mL) were washed and prepared using a MALDI Sepsityper kit (Bruker Daltonik, Bremen, Germany), with the addition of 200 mL of lysis buffer solution. A sample of non-inoculated powdered skim milk was included as a control. Samples were centrifuged and the supernatant discarded using a 1,000-µL pipette. After pellet formation, 1.0 mL of distilled water and 200 µL of lysis buffer solution were added and carefully mixed with the bacterial pellet, followed by a second centrifugation step. The supernatant was discarded using a pipette, and 1.0 mL of a washing buffer solution was added, followed by a third centrifugation step. The supernatant was again discarded, so only the pellet remained in the tube.
Next, we used the bacterial lysis protocol for MALDI-TOF MS analysis described by Barreiro et al. (2012) . The final bacterial pellet obtained was diluted in 1,200 µL of 75% ethanol solution (300 µL of deionized water and 900 µL of ethanol) for bacterial inactivation. The bacterial sediment was centrifuged and the supernatant discarded by tube inversion. After that, another centrifugation step was performed to remove any residual ethanol, and the supernatant was removed using a pipette. After the pellet was dried at room temperature, a sufficient quantity of 70% formic acid solution was added to cover the pellet (~30-50 µL) and lyse the bacterial cells. After homogenization of the contents, the same volume (~30-50 µL) of 100% acetonitrile was added. During the final stage, centrifugation was performed to separate the bacterial cell sediments from the supernatant that contained the ribosomal bacterial proteins (Ryzhov and Fenselau, 2001) , from which the MALDI-TOF mass spectra were obtained for bacterial identification.
A volume of 1.0 µL of the bacterial extract was placed on a steel plate (mtp 384 Target Polished Steel; Bruker Daltonik, Bremen, Germany) for drying at room temperature (20°C). The dried supernatant was overlaid with 1 µL of matrix solution that consisted of α-cyano-4-hydroxy-cinnamic acid diluted in 50% acetonitrile and 2.5% trifluoroacetic acid. The mass spectrometer used was an Autoflex III (Bruker Daltonik, Billerica, MA). Mass spectra were collected in the m/z 2,000-20,000 mass ranges.
The spectra obtained were analyzed using MALDI Biotyper 3.0 software (Bruker Daltonik, Bremen, Germany), which has over 4,000 referential spectra for microorganism identification (Dubois et al., 2010; Ilina et al., 2010) . For clustering and creation of a genealogical tree, Biotyper allows similarity calculation of every spectrum obtained, using a pattern-matching library . Biotyper also provides the means of a log (score) between zero (no homology) and a maximum value of 3.0 (100% homology). Scores ≥1.7 were considered to be reliable genus identifications, and scores ≥2.0 were considered to be reliable genus and species identifications (Nagy et al., 2009) .
We evaluated the MALDI-TOF spectra obtained from the ATCC strains (Staph. aureus, Strep. uberis, Strep. agalactiae, Strep. dysgalactiae, and E. coli) after routine bacterial growth and compared the results with those from when the same isolates were suspended in skim milk and the MALDI Sepsityper kit was applied. The type strains were also submitted to the colony extraction protocol and analyzed using MALDI-TOF MS as described by Barreiro et al. (2010) . Briefly, to prepare the samples for MALDI-TOF MS, the bacterial strains were cultured for 24 h in a brain-heart infusion broth. The bacterial culture was centrifuged, inactivated in 75% ethanol, and submitted to bacterial extraction. With this protocol, the microtube containing isolated bacteria in 75% ethanol solution was centrifuged, and the supernatant was removed by carefully pouring it from the microtube. A second centrifugation step was performed, and the remaining liquid was carefully removed with a pipette tip. Bacterial pellets were allowed to air dry at room temperature for 5 to 10 min. A solution of 70% formic acid was added to lyse bacterial cells and release the ribosomal proteins that produce diagnostic ions in MALDI fingerprinting. A 70% formic acid solution was added proportionally to the size of pellet, to completely dissolve it. Then, 100% acetonitrile was added to each sample in volumes equal to the 70% formic acid solution added, producing a bacterial extract in a 1:1 ratio of 70% formic acid and acetonitrile. A final centrifugation step was performed to separate bacterial cell debris from the supernatant containing the ribosomal proteins used for the MALDI-TOF MS identification. After extraction, samples were run on the MALDI Biotyper as previously described.
RESULTS
The MALDI-TOF MS technique directly identified 5 strains of bacteria that can cause bovine mastitis (Staph. aureus, Strep. uberis, Strep. agalactiae, Strep. dysgalactiae, and E. coli) in experimentally contaminated milk, without previous culture. However, the score identification of the Biotyper program for direct identification from milk depended on the total bacterial count of the samples and on the type of bacteria assessed. For adequate identification at the species level (score ≥2.0) directly from the milk, a bacterial count of ≥10 6 cfu/mL was necessary for Staph. aureus, ≥10 7 cfu/ mL for E. coli, and ≥10 8 cfu/mL for Strep. agalactiae, Strep. dysgalactiae, and Strep. uberis (Tables 1 and 2 ). 
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The quality of the acquired spectra by MALDI-TOF depended on the initial count of the bacteria present in the milk samples (Figures 1 and 2) . When comparing the spectra acquired in the range of 2,000 to 12,000 Da from the non-culture-based identification protocol with those obtained from the colony extraction protocol, we observed that the spectra obtained from the colony extraction protocol presented higher score identification considering the protein peaks (Figures 1 and 2 ). On the other hand, the spectra obtained directly from milk presented a variety of fields with unsatisfactory signalto-noise spectra, showing that other compounds were present (Figure 2g ).
DISCUSSION
Using microbiological culture, diagnosis at the species level of agents causing bovine mastitis takes an average of 2 to 7 d, which could delay the application of control and treatment procedures. We evaluated a non-culture diagnostic method for mastitis-causing bacteria in milk samples using MALDI-TOF MS.
To assess the proposed methodology, we adapted a protocol used to directly detect bacteria in human blood, modifying it to process samples of milk (Moussaoui et al., 2010) . The MALDI-TOF technique was able to correctly identify, at the bacterial spe- 2 + = probable genus identification; ++ = secure genus identification, probable species identification; A = species consistency; B = genus consistency; C = neither genus nor species consistency. cies level, samples experimentally contaminated with Staph. aureus, Strep. uberis, Strep. agalactiae, Strep. dysgalactiae, and E. coli, directly from milk. However, the detection limit of MALDI-TOF MS depended on the bacterial count in the milk sample. This result is similar to those described for the direct identification of microorganisms in human blood (Moussaoui et al., 2010) . Indeed, Szabados et al. (2010) suggested that the bacterial count of human blood samples should be >10 7 cfu/mL to achieve the correct direct identification of bacteria from positive blood culture bottles.
The detection limit (i.e., the lower detection of a pathogen using a given diagnostic method) is the smallest quantity of an infectious agent detected using the method in evaluation, and the ability to distinguish it from a negative result. To determine the detection limit of a diagnostic assay, dilutions are used until the method is no longer able to detect the target in question (Office International des Épizooties, 2010). In this study, the detection limit for the direct identification of mastitis-causing pathogens was based on analysis of a series of 7 decimal dilutions (10 3 to 10 9 cfu/mL) of the 5 pathogens isolated from milk samples. Diluted and experimentally contaminated milk samples were submitted to an extraction protocol and analyzed by MALDI-TOF MS, which indicated that detection limit was of ≥10 6 cfu/mL for Staph. aureus, ≥10 7 cfu/mL for E. coli, and ≥10 8 cfu/mL for Strep. agalactiae, Strep. dysgalactiae, and Strep. uberis , to obtain a score ≥2.0, which would indicate the correct identification at the bacterial species level. These results are similar to those described by Barreiro et al. (2012) , in which the minimum bacterial count for the diagnosis of the pathogen present in milk samples was of 10 6 cfu/mL and 10 7 cfu/ mL for Staph. aureus and E. coli, respectively.
In the present study, identification at the genus level (score ≥1.7) of Staph. aureus was possible at a bacterial count of ≥10 5 cfu/mL, E. coli at a bacterial count of ≥10 6 cfu/mL, and Strep. agalactiae, Strep. dysgalactiae and Strep. uberis at a bacterial count of ≥10 7 cfu/ mL. Stevenson et al. (2010) evaluated 14 human blood samples that were culture-positive for Staph. aureus and reported scores of <1.7 in 2 cases (14.3%) and 1.7 to 1.9 in 3 cases (21.4%). In 9 blood cultures, Staph. aureus was correctly identified (64.3%, scores ≥2.0). Ferreira et al. (2011) identified Staph. aureus at the species level in only 2 of 36 samples (5.5%), and at the genus level in 11 of 36 (30.6%) in cultures from human blood samples.
In studies using MALDI-TOF to identify yeast in blood cultures, a yeast suspension adjusted to the McFarland standard (approximately 10 7 cfu/mL) was used (Bidart et al., 2015) . These authors proposed that the interpretation thresholds may be adapted. In this way, the identification scores were reclassified into 4 categories: >2; 1.7 to 2; 1.4 to 1.7, if the same species appeared 4 times as a result suggestion; <1.4 or unidentified. The threshold of scores >2 was acceptable for identification at the species level, and the assays resulted in correct identification 94/115 (81.7%) samples, according to the adapted scores using the Sepsityper kit (Bidart et al., 2015) . Therefore, an adjustment of the identification score of mastitis-causing pathogens directly in milk samples is necessary; a correct identification score could be between 1.7 and 2.
We observed that the MALDI-TOF detection capacity of the pathogens might be different depending on the bacterial species, as described by Moussaoui et al. (2010) . The MALDI-TOF MS technique has been used successfully to identify mastitis-causing pathogens from bacterial colonies on agar plates (Barreiro et al., 2010) , but it still depends on initial microbiological culture, which is time-consuming and laborious (i.e., plate preparation, sterilization of materials, time of incubation, biochemistry tests). We evaluated non-culture-based identification of mastitis-causing bacteria using MAL-DI-TOF, aiming to avoid these initial microbiological culture steps.
On the other hand, initial investment in MALDI-TOF equipment is expensive. Additionally, our study was limited by the fact that the evaluated protocol may work for only a limited number of mastitic milk samples, mainly those with high counts of a single pathogen. The results of the present study may represent a contribution to future studies on MALDI-TOF protocols for the identification of mastitis-causing pathogens. For example, the non-culture-based protocol could be applied in diagnostic laboratories by subjecting all milk samples to direct MALDI-TOF, and those without a positive identification could be submitted to a 4-h preincubation protocol, being identified by MALDI-TOF MS combined with standard bacteriology. This incubation protocol could be necessary to increase the number of mastitis pathogens identified. The minimum number of colonies cultured for diagnosing quarters with IMI varied from 100 to 1,000 cfu/mL (Dohoo et al., 2011) , lower than the detection limit of the non-culture-based MALDI-TOF approach (≥10 6 to ≥10 8 cfu/mL). In the present study, non-culture-based MALDI-TOF was capable of identifying 5 bacterial strains that can cause bovine mastitis at a certain minimum number of colonies. However, it is not known how this technique would perform in mastitic milk samples. Our results suggest that milk introduces unsatisfactory signal-tonoise spectra, and this may be further exacerbated by inflammation or coinfection in milk samples. We initially proposed to evaluate total bacterial count, asking what number of colonies would be necessary to obtain a score identification at the species level by MALDI-TOF MS using powered skim milk and whether the total bacterial count would change depending on the mastitis-causing pathogen.
Overall, pathogen identification by direct analysis of milk may provide rapid identification, but the bacterial count in the sample directly affects the ability of MALDI-TOF to correctly identify the bacteria.
CONCLUSIONS
The MALDI-TOF MS technique was able to identify bacterial strains of the genus and species that cause bovine mastitis in experimentally inoculated milk samples, without the need for previous culture, when the samples presented bacterial counts of ≥10 6 cfu/mL for Staph. aureus, ≥10 7 cfu/mL for E. coli, and ≥10 
